Hypothalamic glutamate and gamma-aminobutyric acid (GABA) neurotransmission are involved in the ovarian hormone-induced GnRH-LH surge in rodents. We previously reported that middle-aged rats have significantly less glutamate release in the medial preoptic area than young rats on the day of the LH surge. The present study tested the hypothesis that the delayed and attenuated LH surge in ovariohysterectomized middle-aged rats primed with ovarian steroids results from reduced hypothalamic glutamate and increased GABA A neurotransmission. Microdialysis results show that middle-aged rats with attenuated LH surges had reduced extracellular glutamate and increased extracellular GABA levels in the medial preoptic area compared with young rats. Blocking GABA A receptors with bicuculline or inhibiting synaptic glutamate reuptake with Ltrans-pyrrolidine-2,4-dicarboxylic acid increased extracellular Glu in the medial preoptic area and partially restored LH surge amplitude in middle-aged rats without altering LH surge onset. Complete recovery of LH surge amplitude was observed in middle-aged rats treated with the combination of bicuculline and L-trans-pyrrolidine-2,4-dicarboxylic acid. This treatment also restored the extracellular glutamate:GABA ratio in the medial preoptic area of middle-aged rats to the level of young rats. Immunoblot analysis revealed that estradiol and progesterone treatment reduced SLC32A1(formerly known as vesicular GABA transporter) levels and increased SLC17A6 (formerly known as vesicular glutamate transporter 2) levels in the anterior hypothalamus of ovariohysterectomized young but not middle-aged rats. These data suggest that both reduced availability of glutamate and increased activation of GABA A receptors under estrogen-positive feedback conditions contribute to the age-related delay in onset and attenuated amplitude of the LH surge.
INTRODUCTION
Reproductive aging in many female mammals is characterized by dysregulated LH surges and increased folliclestimulating hormone release [1, 2] . It has been postulated that the age-related decline in functional ovarian reserve [3, 4] leads to a hypoestrogenic and hypoprogestinemic hormonal milieu, which then triggers changes in gonadotropin release patterns that herald the transition into reproductive senescence [3] [4] [5] . Although it is clear that ovarian failure ultimately defines reproductive quiescence in most species, a growing body of literature implicates the neuroendocrine axis as an early contributor to the process of reproductive senescence in both primates and nonprimates [6] [7] [8] [9] [10] [11] [12] .
In rodents, the onset of reproductive senescence is marked by a delayed onset and attenuated amplitude of the preovulatory LH surge [12, 13] . This change in LH release begins to occur when rodents are 8-12 mo old, before the onset of irregular estrous cycling and at an age equivalent to the early human perimenopause [14] . These early age-related changes in the LH surge correlate with evidence of hypothalamic dysfunction (for review, see Brann and Mahesh [15] ). However, neither reduced basal GnRH peptide release [11, 16, 17] , reduced capacity for activated GnRH neurons to release GnRH [16] , nor reduced GnRH neuronal density [18, 19] account for the age-related changes in LH release.
Altered LH release in regularly cycling middle-aged females correlates with altered GnRH pulsatility [20] and release [21] and a 50% reduction in the number of GnRH neurons activated in response to estrogen-positive feedback [22] , all of which result in reduced GnRH release on the day of proestrus [21] . The etiology of age-related changes in GnRH neuronal activation under estrogen-positive feedback conditions is poorly understood. Because GnRH neurons do not express ESR1 (formerly known as estrogen receptor-a) [23, 24] , which mediates estrogen-positive feedback [25, 26] , it is likely that age-related changes in the LH surge reflect a failure of GnRH neurons to receive or respond to excitatory and/or inhibitory afferent inputs that are normally regulated by gonadal steroids [6, 22] .
Hypothalamic control of the LH surge involves estrogendependent shifts in the balance between excitatory and inhibitory neurotransmission in the hypothalamus [27] [28] [29] [30] [31] [32] . The LH surge in young adult females is associated with increases and decreases in extracellular glutamate (Glu) and gamma-aminobutyric acid (GABA) levels, respectively, in the medial preoptic area (mPOA) [33] [34] [35] [36] . In young adult, steroidprimed female rats, GABA inhibits [37, 38] and Glu stimulates GnRH release [39] . GABA agonists block the LH surge [37, 40] , an effect mediated primarily by GABA A receptors [41, 42] , and Glu agonists stimulate GnRH synthesis and LH release [39, 43] . In contrast, GABA A receptor antagonists advance [44] and Glu receptor antagonists block the LH surge [45] . We recently documented that reduced extracellular Glu levels in the mPOA accompany the delayed and attenuated LH surge of regularly cycling, middle-aged rats that were ovariohysterectomized and primed with ovarian steroids [46] . This suggests that middle-aged females do not exhibit an elevation of hypothalamic Glu release under estrogen-positive feedback conditions. The present study tests the hypothesis that prior to the appearance of irregular estrous cyclicity, middleaged females also fail to respond to estrogen-positive feedback with decreased mPOA GABA levels on the day of the LH surge. In addition, we hypothesized that if decreased extracellular mPOA Glu and/or increased GABA levels are causally related to LH surge abnormalities in middle-aged rats, then increasing mPOA Glu levels and/or decreasing mPOA GABA A receptor activation should rescue the LH surge in these females. We also used semiquantitative immunoblotting to investigate the effects of age and hormone treatment on presynaptic Glu and GABA neuronal elements by examining vesicular proteins important for packaging of Glu and GABA officially called SLC17A6 and SLC32A1, respectively, but referred to as VGLUT2 and VGAT, respectively, in this manuscript [47, 48] .
MATERIALS AND METHODS

Animals
Young (virgin, ages 2-3 mo) and middle-aged (retired breeder, ages 8-10 mo) female Sprague-Dawley rats were purchased from Taconic Farms (Germantown, NY). All rats had access to food and water ad libitum and were housed individually and maintained on a 14L:10D cycle with lights off at 2000 h. We are interested in identifying age-related changes in hypothalamic neurotransmitters under estrogen-positive feedback conditions that occur in the early stages of reproductive aging and that may underlie LH surge changes when middle-aged females still exhibit normal estrous cycles. Therefore, only rats that exhibited a minimum of two normal 4-day estrous cycles, as determined by daily vaginal smears, were used.
Drugs
Bicuculline, a GABA A receptor antagonist, and L-trans-pyrrolidine-2,4-dicarboxylic acid (TPDC), an inhibitor of Glu reuptake through the membrane transporter, were purchased from Tocris Bioscience (Ellisville, MO) and dissolved in artificial cerebrospinal fluid (ACSF; 124 mM sodium chloride, 5 mM potassium chloride, 1.2 mM monopotassium phosphate, 10 mM magnesium sulfate, 1.8 mM calcium chloride, 26 mM sodium bicarbonate, and 10 mM dextrose, pH 7.4) on the day of microdialysis. Components of the ACSF were purchased from Fisher Scientific (Pittsburgh, PA). Estradiol benzoate (E2B) and progesterone (P) were purchased from Steraloids Inc. (Newport, RI).
Stereotaxic Surgery and Jugular Vein Catheterization
Young and middle-aged rats that exhibited normal estrous cycles were anesthetized with intramuscular ketamine (80 mg/kg) and xylazine (4 mg/kg) for ovariohysterectomy (removal of both ovaries and uterine horns) [49] before intracerebral microdialysis guide cannula placement. Anesthetized rats were placed in a Kopf stereotaxic apparatus and secured with ear bars and a nose piece set at þ5 mm. Using Bregma as a landmark and stereotaxic coordinates provided in the atlas of Pellegrino [50] (dorsal/ventral À8.6, anterior/posterior þ2.0, and medial/lateral 60.6), a unilateral 23-gauge guide cannula was implanted in the mPOA. Guide cannulae and concentric dialysis probes (2-mm dialysis surface with 340-lm outer diameter) were purchased from Bioanalytical Systems Inc. (West Lafayette, IN). On the seventh to eighth postoperative day, implanted rats were lightly anesthetized with ketamine/ xylazine, and an internal jugular vein catheter was placed in the right atrium for serial blood sampling [51] . Catheters were kept patent with daily infusion of 0.2 ml heparinized saline (50 IU). All studies were carried out according to protocols approved by the Institutional Animal Care and Use Committee of Albert Einstein College of Medicine and according to National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
Gonadal Steroid Priming
To insure that young and middle-aged females were exposed to equivalent E 2 and P levels, ovariohysterectomized rats were primed with gonadal steroids for induction of the GnRH-LH surge [52] . At 0900 h on the day of catheterization (7 days after ovariohysterectomy), rats were injected subcutaneously (s.c.) with 2 lg E2B in 0.1 ml peanut oil; a second injection was given 24 h later. A single s.c. injection of 500 lg P was given at 0900 h, 48 h after the first E2B injection [53] .
Microdialysis Sampling and Serum Collection
Each animal was only used once and was dialyzed with a new probe to eliminate the risk of using a damaged probe. Additionally, to avoid nonspecific increases in neurotransmitter release caused by acute mechanical injury at the time of probe placement [54] , probes were lowered and microdialysis initiated at a reduced flow rate (0.125 ll/min) at least 12 h prior to the start of each experiment. Microdialysis sample collection from unanesthetized, freely moving rats began 1 h before the P injection and continued at 30-min intervals for a total of 12-13 h. Probes were perfused at 1.25 ll/min with ACSF. In some animals, extracellular Glu levels in the mPOA were elevated by reverse microdialysis with 10 mM of the Glu transporter blocker TPDC starting 1 h before the P injection and continuing until the end of the experiment. Middle-aged rats dialyzed only with ACSF served as the control for middle-aged rats treated with TPDC. GABA A receptor antagonism was achieved by infusing 10 lM bicuculline in 1.5 ll ACSF over 1 min directly into the mPOA at 0900 h and 1300 h on the day of the P injection. Middle-aged rats dialyzed with ACSF and infused with 1.5 ll normal saline over 1 min directly into the mPOA at 0900 h and 1300 h on the day of the P injection served as the controls for middle-aged rats treated with bicuculline or bicuculline þ TPDC. The mPOA infusions were delivered through a cannula attached to the dialysis probe. All microdialysis samples were acidified to 0.1 N perchloric acid, flash frozen, and stored at À708C until analysis with high-performance liquid chromatography (HPLC). The recovery rate for Glu and GABA is approximately 15% and is quite consistent across individual probes, based on in vitro calibrations carried out with randomly selected probes. Blood sampling was initiated either 1 h before or at the time of the P injection and continued every 1-2 h for a total of 12 h. Approximately 200 ll blood was collected into Eppendorf tubes containing 100 ll ice-cold heparinized saline (10 IU), refrigerated overnight, and centrifuged at 10 000 3 g for 20 min. Plasma was removed with a glass pipette and stored at À708C until assayed for LH. An equal volume of warmed saline was infused to replace collected blood and to avoid hypovolemia. At the end of each experiment, animals were overdosed with ketamine, decapitated, and the brain rapidly frozen in 2-methylbutane. Frozen brains were stored at À708C until cryostat sectioning for histological assessment of probe placement.
Histological Verification of Probe Placements
Frozen brains were sectioned in the transverse plane with a cryostat. Every third 40-lm section was saved throughout the extent of the dialysis probe track, stained with thionin, and the intracerebral microdialysis probe placement in the mPOA was evaluated (Fig. 1) . Only rats with a confirmed GnRH-LH surge and appropriate probe placement in the mPOA were included in the data analysis. One to two rats from each age group were discarded due to inaccurate probe placement and/or clogging of the microdialysis probe during the experiment.
LH Assay
Plasma LH levels are reported as nanograms per milliliter. In Table 1 and Figure 2 , the National Hormone and Peptide Program (www.humc.edu/ hormones) determined LH levels using rat radioimmunoassay reagents. The lower limit of the assay was 0.1 ng/ml. Using rat LH radioimmunoassay reagents provided by the National Hormone and Peptide Program, the Hormone and Bioassay Core at Northwestern University determined plasma LH values in Table 2 and Figures 2 and 3 . The lower limit of this LH assay was 0.2 ng/ml, and the intraassay and interassay coefficients of variation were 7.6% and 5.8%, respectively. Onset of the GnRH-LH surge was defined as plasma LH levels equal to or greater than 1.5 times baseline sustained for a minimum of two consecutive samples. Baseline LH levels were defined as the average LH value observed from samples collected 1 h before and at the time of the P injection.
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One to two animals from each age group were eliminated from data analysis because they failed to exhibit a GnRH-LH surge.
HPLC Analysis of Glu and GABA
Amino acid content in the mPOA microdialysis samples was quantified by methods described previously [56] . Briefly, microdialysis samples were neutralized to pH 5 with 2.5 M potassium carbonate. After o-phthaldehyde derivatization, amino acids were separated by HPLC and detected with a Beckman 175 fluorometer. Derivatized samples were applied to a C-18 column (0.4 3 2.5-cm reverse phase; Beckman 5-lm Ultrasphere) at a flow rate of 0.75 ml/min. A programmed gradient elution was created with two solvent mixtures (Solvent A-0.1 M sodium acetate, pH 5.9, in 10% methanol; Solvent B-80% methanol). Amino acid identification and quantification were achieved by comparing peak retention times and heights of known standards (Sigma, St. Louis, MO) to unknown samples [57] . Amino acid content is reported as picomoles per microliters. The lower limit for detection of Glu and GABA was 0.08 pmol.
Hypothalamic Dissection and Synaptosome Preparation
Independent groups of ovariohysterectomized young and middle-aged rats were primed with peanut oil (control) or E2B þ P as described above. Rats were killed 4 h after the P or final oil injection. A block of brain tissue bordered laterally by the hypothalamic sulci, rostrally 2 mm anterior to the optic chiasm, and caudally at the mammillary bodies was dissected. The hypothalamus was then transected just posterior to the optic chiasm. The anterior half of the hypothalamus contains GnRH cell bodies, and the posterior half contains the median eminence (site of GnRH nerve terminals) and the arcuate nucleus.
Synaptosomes were prepared from homogenized hypothalamic regions using a modification of a published method [58] . Briefly, hypothalamic fragments were homogenized with a glass-teflon homogenizer (12 strokes/900 rpm) in 5 ml chilled homogenizing buffer (0.32 M sucrose, 10 mM N-2 hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid-sodium hydroxide (HEPESNaOH), 1 mM PMSF, and protease inhibitor cocktail (Mini-complete; Roche, Indianapolis, IN) and centrifuged 10 min at 800 3 g. The pellet was set aside and the supernatant centrifuged at 9200 3 g for 15 min. The pellet was collected, washed in homgenization buffer, and lysed in buffer (50 mM HEPES, pH 7; 250 mM sodium chloride; 5 mM EDTA; 0.1% nonyl phenoxylpolyethoxyethanol containing protease inhibitor cocktail) and centrifuged at 20 000 3 g for 30 min. The supernatant was collected, and the protein concentration was determined with the Bradford protein assay (Pierce, Rockford, IL). Samples were stored at À808C until they were used for Western blots.
Western Blot
Western blots were analyzed to determine the effects of age and hormone treatment on anterior and posterior hypothalamic VGAT and VGLUT2 protein expression. Briefly, synaptosomal aliquots (5 lg protein) prepared from the anterior and posterior hypothalamic fragments were loaded onto 8% polyacrylamide gels and subjected to electrophoresis. Proteins were transferred [55] . MPA, Medial preoptic area; 3V, third ventricle; och, optic chiasm; VMPO, ventromedial preoptic nucleus; VLPO, ventrolateral preoptic nucleus; AVPe, anteroventral periventricular nucleus; SO, supraoptic nucleus; Al, alar nucleus; StA, strial part preoptic nucleus; OVLT, organum vasculosum lamina terminalis. Black circles indicate young rats; black squares, middle-aged rats. B) Photomicrograph of thionin-stained coronal section showing the approximate location of a microdialysis probe. The arrow indicates the site of probe placement (original magnification 34). Figure 3 and all values are expressed as mean 6 SEM. b Mann-Whitney U-test used; all other comparisons used t-tests.
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to nitrocellulose membranes for immunoblotting with primary antibodies against VGAT (1:3000; Chemicon International, Temecula, CA), VGLUT2 (1:8000; Sigma), SYP (formerly known as synaptophysin, a synaptosome marker; 1:30 000; Sigma), and ACTB (formerly known as b-actin; loading control; 1:4000; Sigma) [59] . Immunoblots were first probed with anti-VGAT overnight at 48C in TBS with 5% milk, washed, stripped, and subsequently reprobed with anti-VGLUT2, anti-SYP and, lastly, anti-ACTB. Protein bands were detected after 1.5 h of incubation with horseradish peroxidase-conjugated goat secondary antibody and chemiluminescence enhancement (1:4000; ECL reagent; Perkin-Elmer, Waltham, MA). To quantify protein levels, membranes were apposed to x-ray film and bands analyzed with a Scan Jet 4-C (Hewlett Packard) computing densitometer using National Institutes of Health image 1.61 software. Band densities for SYP were corrected for variations in loading and normalized to the corresponding band densities for total ACTB. All VGAT and VGLUT2 data were expressed relative to SYP abundance, the synaptosomal marker, in the same sample.
Statistical Analysis
The integrated area under the curve for total mPOA Glu and GABA levels and total serum LH release was calculated using Pharm/PCS version 4.2 (PharmSoft.Net, division of MCS; Wynnewood, PA). All data were expressed as mean 6 SEM. ANOVA or a Student t-test was used to evaluate age-related differences in peak and total serum LH, peak and total extracellular mPOA Glu and GABA release, and the onset time of the GnRH-LH surge relative to the time of P injection. A two-way ANOVA (age 3 hormone treatment) was used to determine differences in VGLUT2 and VGAT protein expression in the anterior and posterior hypothalamus on the day of the GnRH-LH surge. A P value of 0.05 was accepted as statistically significant. ANOVA with repeated measures on time were used to determine age-related differences in extracellular Glu and GABA, and plasma LH release over time on the day of the LH surge in young and middle-aged rats. When data were not normally distributed, a nonparametric test, Kruskal-Wallis or Mann-Whitney U, was used. Posthoc tests used for multiple comparisons were Newman-Keuls (NK) or Fisher protected least significant difference (PLSD) for ANOVA and twoway ANOVA and Bonferonni for repeated-measures ANOVA.
RESULTS
Middle-Aged Rats Exhibit a Delayed and Attenuated LH Surge
Equivalent percentages of young (14 of 16) and middleaged (33 of 35) rats with verified probe placements (Fig. 1 ) exhibited a GnRH-LH surge with our E2B þ P protocol. Baseline LH values at the time of P injection were equivalent in young and middle-aged rats ( Fig. 2A) . Middle-aged rats released significantly less LH on the day of the surge (t ¼ 3.2, P , 0.001; Table 1 ), exhibited a GnRH-LH surge delayed by an average of 2.5 h (Mann-Whitney U, P , 0.001; Fig. 2A and Table 1) , and had approximately two-thirds lower peak LH levels compared with young control rats (t ¼ 3.2, P , 0.05; Table 1 ).
The Delayed and Attenuated GnRH-LH Surge in MiddleAged Rats Is Associated with Lower Extracellular Glu and Higher Extracellular GABA in the mPOA Consistent with our previous report [46] , the hormoneinduced GnRH-LH surge in middle-aged rats was associated with significantly less (t ¼ 7.4, P , 0.001; Table 1 ) total extracellular Glu; mPOA Glu levels in middle-aged rats were more than two thirds less than those measured in young rats that exhibited a GnRH-LH surge (Fig. 2B and Table 1 ). In contrast with the pattern of Glu release, middle-aged rats had more than 2-fold higher total extracellular GABA levels in the mPOA than young rats (Fig. 2C and Table 1 ) on the day of the E2B þ P-induced GnRH-LH surge. Two-way ANOVA with repeated measures on time indicated significant main effects of age (LH: F ¼ 11.2 (1,110) , P , 0.01; Glu: F ¼ 61 (1, 338) , P , 0.001), with young rats releasing more LH and more Glu in the   FIG. 2 . Middle-aged (M) rats exhibit a delayed and attenuated GnRH-LH surge that is accompanied by decreased extracellular Glu and increased extracellular GABA in the mPOA on the day of the GnRH-LH surge relative to young (Y) rats. Data are from GnRH-LH surges generated in Y (n ¼ 8) and M (n ¼ 7) rats primed with E2B and P as described in Materials and Methods. Time 0 represents the time of the P injection at 0900 h. LH (A), extracellular Glu (B), and extracellular GABA (C) levels in the mPOA. *P , 0.001. See Table 1 for additional quantitation and statistical comparisons. ul, Microliter.
HYPOTHALAMIC NEUROTRANSMISSION AND AGING 881 mPOA on the day of the LH surge. There was also an effect of time (LH: F ¼ 11.8 (10, 110) , P , 0.001; Glu: F ¼ 2.1 (26, 338) , P , 0.002; GABA: F ¼ 3.28 (26, 338) , P , 0.0001) and a significant interaction between age and time (LH: F ¼ 11.8 (10, 110) , P , 0.001; Glu: F ¼ 2.7 (26, 338) , P , 0.001; GABA: F ¼ 3.60 (26, 338) , P , 0.001) on all three measures (Fig. 2) . Most of the difference between young and middle-aged Glu (3.8 6 0.2 vs. 1.2 6 0.2 pmol/ll per min; t ¼ 11.7, P , 0.001; Fig. 2B ) and GABA (1.6 6 0.1 vs. 5.2 6 1.7 pmol/ll per min; t ¼ 2.2, P , 0.05; Fig. 2C ) release in the mPOA occurred during the first 5 h of the experiment, before peak LH release ( Fig. 2A) . Middleaged rats had peak extracellular mPOA Glu levels that were approximately two-thirds lower (t ¼ 5.4, P , 0.001; Table 1 ) and peak extracellular GABA levels more than 2-fold greater (t ¼ 3.9, P , 0.01; Table 1 ) than those observed in young controls on the day of the GnRH-LH surge.
Increasing mPOA Glu Levels Partially Restores the E2B þ P-Induced GnRH-LH Surge Reverse microdialysis with 10 mM TPDC, a Glu transporter blocker [60] , into the mPOA of middle-aged rats had a significant main effect (F ¼ 219.6 (5, 650) , P , 0.0001) on Glu. On the day of the GnRH-LH surge, TPDC increased total extracellular mPOA Glu by 6-fold (Figs. 3D and 4B ) and increased peak extracellular Glu levels by more than 3-fold compared with middle-aged control rats (Table 2) . TPDC also increased total (Figs. 3G and 4C) and peak mPOA GABA levels (Table 2) . Therefore, the mPOA Glu:GABA ratio of TPDC-treated, middle-aged females on the day of the GnRH-LH surge only increased by 2-fold and was still significantly less than the Glu:GABA ratio in young control rats (Table 2) . TPDC did not recover total (Figs. 3A and 4A) or peak LH release (Table 2) . TPDC-treated, middle-aged female LH values (area under the curve and peak LH) were not significantly different from those from either middle-aged or young control rats. Reverse microdialysis of TPDC did not change the onset of the GnRH-LH surge (Table 2) .
Medial POA GABA A Receptor Antagonism Partially Restores E2B þ P-Induced LH Release Infusion of 10 lM of the GABA A receptor antagonist bicuculline into the mPOA at the time of the P injection and 4 h later significantly affected extracellular GABA (F ¼ 7.84 (5,650) , P , 0.001) in middle-aged rats. There was also a significant main effect of time on GABA release (F ¼ 2.07 (24, 650) , P , 0.003) in middle-aged rats (Figs. 3H and 4C ). Bicuculline also significantly affected Glu release from middle-aged rats (F ¼ 219 (5, 650) , P , 0.001). Bicuculline treatment decreased total (Figs. 3H and 4C) and peak (Table 2 ) extracellular mPOA GABA levels by 4-fold and 5-fold, respectively, and increased total Glu (Figs. 3E and 4B) and peak (Table 2) extracellular Glu levels by more than 4-fold. This resulted in more than a 15-fold increase in the total Glu:GABA ratio (Table 2) relative to middle-aged controls, so that middle-aged females treated with bicuculline had total Glu:GABA ratios that were equivalent to those in young control rats (Table 2) . However, although bicuclline increased peak and total LH release by almost 2-fold, these values were not significantly different from those in middle-aged controls (Figs. 3A and 4B and Table 2 ). Moreover, in contrast with reports in young adult females [61] , bicuculline did not advance the onset of the GnRH-LH surge in middle-aged rats (Table 2) .
Simultaneously Increasing Extracellular Glu and Blocking GABA A Receptors in the mPOA Restores GnRH-LH Surge Amplitude
The combination of 10 mM TPDC and 10 lM bicuculline administered as described above completely rescued total and peak LH release in E2B þ P-primed, middle-aged rats to the level of young controls (Figs. 3C and 4A and Table 2 ). TPDC þ bicuculline increased total extracellular Glu by more than 10-fold (Figs. 3F and 4B) and decreased total extracellular GABA by more than two thirds (Figs. 3I and 4C) relative to middle-aged control rats. Similarly, TPDC þ bicuculline increased peak mPOA Glu levels by more than 10-fold (Table  2) relative to middle-aged controls and by 6-fold relative to young controls (Table 2) . Peak GABA levels in TPDC þ bicuculline-treated rats were not significantly different from those in young or middle-aged controls (Table 2) . Additionally, a combination of bicuculline and TPDC increased the total Glu:GABA ratio to more than 20-fold greater than in middleaged controls, so that it was equivalent to that in young controls (Fig. 4D) . TPDC þ bicuculline treatment did not significantly advance the onset of the GnRH-LH surge (Table  2) ; the GnRH-LH surge onset in middle-aged rats treated with both bicuculline and TPDC was not significantly different from that in young or middle-aged control rats. 
Hormone Treatment Increases VGLUT2 and Decreases VGAT Protein Expression in the Anterior Hypothalamus of Young Female Rats
The effect of age and hormone treatment on the abundance of VGAT and VGLUT2, markers for GABAergic and glutamatergic axonal terminals, respectively, were assessed by Western blot analysis (Fig. 5A) . Two-way ANOVA found a main effect of hormone treatment on VGAT expression in the anterior hypothalamus (F ¼ 6 (1, 19) , P , 0.02), with higher levels observed in vehicle-treated young rats. There was also an interaction between age and hormone treatment (F ¼ 28 (1, 19) , P , 0.001); posthoc comparison indicated that VGAT expression was suppressed by gonadal steroid treatment in young but not middle-aged rats (NK P , 0.001; Fig. 5B ). Middle-aged females treated with hormones also had higher VGAT than young females treated with hormones (NK P , 0.05; Fig. 5B ). Although neither age nor hormone treatment alone significantly affected anterior hypothalamic VGLUT2 expression, there was an interaction between age and hormone treatment (F ¼ 6.5 (1, 20) , P , 0.02). Hormone treatment increased VGLUT2 expression in the anterior hypothalamus of young but not middle-aged rats (NK P , 0.05; Fig. 5D ). In fact, middle-aged control females had elevated levels of VGLUT2 (P , 0.05, PLSD) compared with young controls, which were comparable to young, hormone-treated females. There was also an interaction between age and hormone treatment on the ratio of VGLUT2:VGAT expression in the anterior hypothalamus (F ¼ 5.2 (1, 19) , P , 0.05; Fig. 5F ); hormone treatment significantly increased the ratio of VGLUT2:VGAT expression only in young rats (NK P , 0.05). There was neither a main effect of age or hormone treatment, nor an interaction between age and hormone treatment on VGAT, VGLUT2, or the ratio of VGLUT2:VGAT expression in the posterior hypothalamus (Fig. 5, C, E, and G) .
DISCUSSION
The present study provides evidence that in addition to reduced mPOA Glu release [46] , the delayed onset and reduced amplitude of the GnRH-LH surge in middle-aged female rats is accompanied by increased GABA release in the mPOA. The total Glu:GABA ratio on the day of the surge was also significantly reduced in middle-aged compared with young rats, suggesting a net increase in inhibitory and a net decrease in excitatory neurotransmission. The higher levels of extracellular GABA in the mPOA on the day of the GnRH-LH surge in middle-aged rats also correlated with a failure of E 2 and P to decrease VGAT and increase VGLUT2 levels in the anterior hypothalamus, where most GnRH neurons are located. Therefore, GnRH-LH surge abnormalities in middle-aged females may result in part from changes in the balance between extracellular Glu and GABA release in the mPOA under estrogen-positive feedback conditions. Moreover, increased availability of vesicular pools of GABA in the mPOA of middle-aged females may contribute to increased extracellular GABA and decreased Glu release on the day of the surge.
The opposing roles of GABAergic and glutamatergic neurotransmission in neuroendocrine regulation of reproduction [62] , especially the importance of increased excitatory input by Glu [32, 33, 46] and decreased inhibitory input by GABA [63] acting on GABA A receptors [37, 64, 65] on the day of the steroid-induced LH surge, are well established in young rats. However, the role of these neurotransmitters and their receptors in the development of age-related reproductive failure is less clear [6, 11, [66] [67] [68] . It has been proposed that abnormal elevations and erratic production of gonadal steroids predispose middle-aged rats to irregular patterns of gonadotropin release [3] . To control for this possibility, we used ovariohysterectomized young and middle-aged rats that still exhibited normal estrous cycles and then provided equivalent and physiological serum levels of E 2 and P [46] . Thus, in agreement with other reports [69] , the abnormal GnRH-LH surge in middle-aged rats is independent of age-related differences in ovarian steroid production. Furthermore, the decreases in mPOA Glu and increases in GABA measured by microdialysis on the day of the GnRH-LH surge in middleaged rats are not likely to result from inappropriate exposure of the hypothalamus to gonadal steroids.
If the observed amino acid neurotransmitter changes in the mPOA of middle-aged rats are responsible for the delayed and attenuated GnRH-LH surge, then we hypothesized that increasing extracellular Glu and/or decreasing GABA A neurotransmission should restore the GnRH-LH surge in middleaged rats. To test this hypothesis, we manipulated local Glu and GABA neurotransmission in the mPOA on the day of the GnRH-LH surge by antagonizing GABA A receptor activity with bicuculline and by increasing extracellular Glu levels with TPDC. Either TPDC or bicuculline alone produced peak and total extracellular Glu levels that were equivalent to or greater than Glu levels in young controls; however, these treatments produced only partial restoration of the GnRH-LH surge. There are several possible explanations for the failure of bicuculline or TPDC alone to restore surge amplitude. Although TPDC treatment increased extracellular Glu by 3-fold, it also increased extracellular GABA by 2-fold; thus, the increase in excitatory neurotransmission may have been partly offset by the concomitant increase in GABA inhibition. Consistent with this hypothesis, the total Glu:GABA ratio of rats treated with TPDC alone was equivalent to that in middle-aged control rats and was significantly less than that in young controls. Bicuculline produced extracellular mPOA Glu release and Glu:GABA ratios that were similar to young controls, yet this drug produced only a partial recovery of peak and total LH release. It is possible that bilateral infusion of bicuculline into the mPOA would completely rescue LH surge amplitude. Alternatively, there is evidence that Glu receptor function in the hypothalamus of middle-aged females differs from that in young females [70] , including reduced responsiveness of middle-aged females to the agonist N-methyl-D-aspartate (NMDA) [66] . Such postsynaptic changes in NMDA receptor function might also explain why extracellular Glu levels in the mPOA that were equivalent to those in young control rats failed to restore the GnRH-LH surge in TPDC-or bicucullinetreated, middle-aged rats.
The combination of TPDC and bicuculline completely restored GnRH-LH surge amplitude in middle-aged females, and it increased total mPOA Glu to levels that were more than 7-fold greater than those in middle-aged controls and 3-fold greater than those in young control rats. The combination of TPDC and bicuculline also decreased total GABA release in the mPOA and restored the Glu:GABA ratio to levels that were equivalent to those in young control rats. Notably, this was also the only treatment that completely rescued peak and total LH release in middle-aged rats. These findings suggest that GnRH neurons in middle-aged rats maintain some ability to respond to Glu. However, middle-aged rats may need much higher levels of extracellular Glu as well as reduced GABA to activate GnRH neurons and stimulate GnRH release. These observations support the hypothesis that middle-aged females have compromised Glu receptor activation and function in the hypothalamus under estrogen-positive feedback conditions [18, 66] . Taken together, these findings are consistent with the proposal of Wise and colleagues that age-related failure of the GnRH-LH surge reflects an altered balance of excitatory and inhibitory afferent input to GnRH neurons [6, 22] , severely compromising GnRH neuron activation. Moreover, the data are in agreement with Carbone et al. [71] and Ouyang et al. [72] , who showed that increased GABAergic neurotransmission attenuates Glu release, and with Yananli et al. [73] , who showed that intracerebral bicuculline infusion increases Glu and decreases GABA release. Our observations are also consistent with other reports of age-related changes in the expression of Gad1 mRNA [6, 68] and increases in GAD1 activity [68] . Last, these data strongly imply that age-related changes in amino acid neurotransmission in the mPOA, and especially increased mPOA extracellular GABA levels in middle-aged rats, may inhibit Glu release, thereby reducing levels of Glu available for postsynaptic activation of GnRH   FIG. 5 . Effects of steroid priming on VGAT and VGLUT2 abundance in the anterior and posterior hypothalamus. Representative Western blot gels showing abundance of synaptosomal VGAT and VGLUT2 in hypothalamic regions from vehicle and E2B þ Ptreated young and middle-aged rats are illustrated (A). SYP (formerly known as synaptophysin) was used as a marker for synaptosomes. ACTB (formerly known as bactin), a cytoskeletal protein, was used as a loading control. The VGLUT2 and VGAT band densities were normalized to the SYP band density in the same sample. Normalized band density of young (Y) vehicletreated rats (control) was assigned a value of 1 for comparison with all other groups (B-G). All values are mean 6 SEM of five to six independent replications (*P , 0.05 vs. young vehicle; **P , 0.05 vs. young E2B þ P). M, Middle-aged control group; KDa, kilodalton.
neurons and/or interneurons that modulate the activity of GnRH neurons.
The cellular mechanisms responsible for altered extracellular levels of Glu and GABA on the day of the GnRH-LH surge in the mPOA of middle-aged rats are still unknown. Ottem et al. [74] recently showed that in response to E 2 priming, neuronal elements immunoreactive for VGAT and VGLUT2 decreased and increased, respectively, in the anteroventral periventricular region of the anterior hypothalamus of young female rats. Because these cells innervate GnRH neurons, the findings suggest that E 2 alters the balance of afferent input onto GnRH neurons toward excitation on the day of the GnRH-LH surge. Therefore, we hypothesized that age-related changes in Glu and GABA might result from the failure of neuronal elements located in the anterior hypothalamus of middle-aged rats to upregulate VGLUT2 and downregulate VGAT expression. Using immunoblots, we observed that hormone treatments that generate GnRH-LH surges reduced anterior hypothalamic VGAT expression and increased the VGLUT2:VGAT ratio in the anterior hypothalamus of young females. In contrast, ovarian hormones increased anterior hypothalamic VGAT expression and did not change the ratio of anterior hypothalamic VGLUT2:VGAT expression in middleaged females. This could explain why middle-aged rats have increased extracellular GABA levels and reduced extracellular Glu in the absence of significantly different VGLUT2:VGAT ratios relative to young rats. It is quite possible that middleaged rats have equivalent or even higher levels of presynaptic stores of Glu than young rats; however, increased vesicular stores and release of GABA attenuates Glu release on the day of the LH surge. Thus, we propose that if elevated VGAT is associated with increased vesicular stores of GABA, then increased extracellular GABA levels in the mPOA could account, at least in part, for reduced Glu release [71] , decreased GnRH neuronal activation [22] , decreased GnRH release [21] and, consequently, attenuated LH release [12] .
Our interpretation of the VGAT and VGLUT2 data is limited in that immunoblotting does not allow us to identify which populations of hypothalamic neurons manifest agerelated changes in VGAT and VGLUT2 expression. The most likely neuronal populations to exhibit age-related changes in VGAT and VGLUT2 in response to gonadal steroid feedback are those located in the anteroventral periventricular region [74] . Future studies will attempt to identify the precise anatomical location and phenotype of the neurons that account for the age-related changes in VGAT and VGLUT2 expression.
Although the present study focused on hypothalamic Glu and GABA, it is clear that many different neurotransmitter systems regulate the GnRH-LH surge [75] . Therefore, our findings do not imply that Glu and GABA are the only possible neurotransmitter systems involved in LH surge failure. Of note, age-related decreases in hypothalamic norepinephrine are associated with LH surge abnormalities in middle-aged rats [8, 69, 76, 77] . Because GABA A agonists can attenuate norepinenphrine-induced LH release [37, 42] , and bicuculline treatment can increase the sensitivity to norepinenphrine [78] , it is quite possible that bicuculline treatment also modulates the noradrenergic system. Future studies are needed to determine whether the restoration of the GnRH-LH surge involves norepinephrine and/or other neurotransmitters and neuropeptides that are important for generation of the surge.
In addition to age-related changes in the amount of LH released on the day of the GnRH-LH surge, middle-aged rats also exhibit a delayed surge onset. GABA A receptor antagonism alone did not advance the onset of the GnRH-LH surge in middle-aged rats, which contrasts with the effect of this manipulation in young rats [61] . Indeed, none of our treatments completely restored the timing of the GnRH-LH surge in middle-aged rats. In rodents, neural signals that regulate the GnRH-LH surge and maintain estrous cyclicity are critically linked to the generation of circadian rhythms by the suprachiasmatic nucleus (SCN). A deterioration of the ''biological clock'' and a dyssynchrony in the rhythmicity of several key neurotransmitters communicating with GnRH neurons or their afferents have been proposed to occur in reproductively aged rats [69] . GABA turnover rates increase in the SCN of senescent, constant estrous rats [79] . It is possible that middle-aged rats also have increased GABAergic activity in the SCN on the day of the steroid-induced GnRH-LH surge and that this contributes to the delayed onset of the surge.
We have demonstrated that the attenuated and delayed LH surge in middle-aged rats is associated with an increase in GABA and a decrease in Glu in the mPOA. However, microdialysis methods cannot discern whether the increased extracellular GABA detected in middle-aged rats results in direct excitation [80] or inhibition [80] of GnRH neurons. Indeed, it is possible that the GABA we measured acts primarily on interneurons or presynaptic afferents (e.g., Glu terminals from the anteroventral periventricular region) that synapse with GnRH neurons. Electrophysiological experiments that assess the responsiveness of GnRH neurons to Glu and GABA in middle-aged rats exhibiting abnormal LH surges are needed to address this matter. Nevertheless, our data are consistent with the hypothesis that increased mPOA GABA in middle-aged rats may suppress Glu release and thereby reduce direct and/or indirect excitatory input to GnRH neurons and, as a consequence, adversely affect the generation of the LH surge.
In summary, these studies are the first to combine in vivo microdialysis with serial blood sampling to test the hypothesis that the inability of ovarian steroids to produce a normal LH surge in reproductively senescing female rats reflects altered hypothalamic Glu and GABA responsiveness to estrogenpositive feedback. Thus, we propose that a shift in the glutamatergic and GABAergic neurotransmitter environment in the mPOA on the day of the GnRH-LH surge produces a net reduction in excitatory neurotransmission mediated by Glu. Decreased mPOA Glu may be related, at least in part, to increased GABA release. Consistent with this hypothesis, simultaneously increasing mPOA Glu levels and decreasing GABA levels and GABA A receptor activation completely restores peak and total LH release in middle-aged, hormonereplaced females. Thus, GnRH neurons in middle-aged females maintain some ability to respond to a glutamatergic stimulus. However, they may require much higher levels of synaptic Glu than young rats to release equivalent total GnRH and LH. Thus, there may also be changes in the expression and/or binding affinity of Glu receptors in the mPOA of middle-aged females. These observations strongly support the hypothesis that the aging hypothalamus is less responsive to the positive feedback actions of gonadal steroids, and that altered levels of extracellular Glu and GABA in the mPOA may contribute to the delayed and attenuated GnRH-LH surge.
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